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Chaperonesory chain is composed of four different protein complexes that cooperate in
electron transfer and proton pumping across the inner mitochondrial membrane. The cytochrome bc1
complex, or complex III, is a component of the mitochondrial respiratory chain. This review will focus on the
biogenesis of the bc1 complex in the mitochondria of the yeast Saccharomyces cerevisiae. In wild type yeast
mitochondrial membranes the major part of the cytochrome bc1 complex was found in association with one
or two copies of the cytochrome c oxidase complex. The analysis of several yeast mutant strains in which
single genes or pairs of genes encoding bc1 subunits had been deleted revealed the presence of a common set
of bc1 sub-complexes. These sub-complexes are represented by the central core of the bc1 complex,
consisting of cytochrome b bound to subunit 7 and subunit 8, by the two core proteins associated with each
other, by the Rieske protein associated with subunit 9, and by those deriving from the unexpected interaction
of each of the two core proteins with cytochrome c1. Furthermore, a higher molecular mass sub-complex is
that composed of cytochrome b, cytochrome c1, core protein 1 and 2, subunit 6, subunit 7 and subunit 8. The
identiﬁcation and characterization of all these sub-complexes may help in deﬁning the steps and the
molecular events leading to bc1 assembly in yeast mitochondria.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
The structurally dimeric cytochrome bc1 complex, also known as
complex III, is a component of themitochondrial respiratory chain [1–4].
This complex catalyzes the transfer of reducing equivalents from quinol
to cytochrome c and this process brings about proton translocation from
the mitochondrial matrix to the intermembrane space. In this way, the
free energy obtained from the electron transfer is used for the
generation of an electrochemical potential across the inner mitochon-
drial membrane. This electrochemical potential is used for the synthesis
of ATP by the mitochondrial ATP synthase.
Each monomer of the yeast cytochrome bc1 complex is composed
of ten different protein subunits inserted into or bound to the inner
mitochondrial membrane [1–4]. Three of the subunits, cytochrome b,
cytochrome c1 and the Rieske iron–sulfur protein (ISP) contain redox
centers and participate in electron transfer. For this reason they are
also referred to as catalytic subunits. The remaining seven subunits
lack any cofactors and their function is largely unknown. These seven
non-redox subunits are referred to as supernumerary subunitsme c1; ISP, Rieske iron–sulfur
cr6p, Qcr7p, Qcr8p, Qcr9p and
, respectively; Cox6bp, subunit
39 0832 298626.
l rights reserved.because they are absent in bacterial equivalents of this respiratory
chain complex. Paracoccus denitriﬁcans, for example, contains only the
three redox subunits [5]. The supernumerary subunits present in the
yeast mitochondrial bc1 complex include core protein 1 and core
protein 2, Qcr6p, Qcr7p, Qcr8p, Qcr9p and Qcr10p. In mammalian
mitochondria an eleventh subunit, corresponding to the cleaved
presequence of the ISP, is additionally present in the bc1 complex [6].
Cytochrome b is the only bc1 subunit encoded by mitochondrial DNA,
whereas all the other subunits are of nuclear origin. These latter are
synthesized in the cytosol and post-translationally imported into
mitochondria. If we also consider the fact that the functional bc1
complex in the inner mitochondrial membrane is a homo-dimer, we
can infer that the assembly of this respiratory complex is a very
complicated process.
In fact, the molecular mechanisms leading to the maturation of the
yeast mitochondrial cytochrome bc1 complex are largely unknown. As
in the case of the assembly of other complexes of the mitochondrial
respiratory chain [7,8] the participation of accessory proteins that do
not belong to the functional bc1 complex is most probably required.
However, only some of the accessory proteins have been identiﬁed
[9–11], and the clariﬁcation of their role during the biogenesis of the
bc1 complex is just beginning [12,13]. Furthermore, the situation is
even more complicated if we consider that once assembled the homo-
dimeric bc1 complex in the inner mitochondrial membrane is struc-
turally and functionally connected to other complexes of the respi-
ratory chain. It has been found that this membrane protein complex
Fig. 1. The yeast cytochrome bc1 complex. The subunits in the cytochrome bc1 dimer are
represented as ribbons, with subunits in onemonomer colored grey. The subunits of the
second monomer are colored as follows: cytochrome b (pink), cytochrome c1 (yellow),
Rieske iron–sulfur protein (red), core protein 1 (light blue), core protein 2 (dark blue),
subunit 6 (cyan), subunit 7 (orange), subunit 8 (green), and subunit 9 (salmon). Subunit
10 is not present in the yeast crystal structure. The structure is oriented as it would
appear in the inner mitochondrial membrane, with the mitochondrial matrix at the
bottom. The ﬁgure was constructed from the yeast crystal structure (Protein Data Bank
code 1EZV) [19].
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oxidase complex both in yeast [14,15] and in bovine [15] mitochondria.
The mitochondrial bc1 complex has recently been crystallized from
several organisms, including beef, chicken and yeast [16–19]. In
addition, the crystal structure of the yeast mitochondrial bc1 complex
associated with its substrate, cytochrome c, has also been obtained
[20].
In this paper we review the latest ﬁndings on the biogenesis of the
cytochrome bc1 complex in yeast mitochondria and propose some
possible pathway(s) for assembly of the bc1 subunits into the func-
tional complex.
2. Structural characteristics of the yeast cytochrome bc1 complex
2.1. Subunit composition
Cytochrome b [21] is the central core of the bc1 complex and is
inserted in the inner mitochondrial membrane [19]. In yeast, this
mitochondrial-encoded subunit,made up of 385 amino acids,migrates
in a lower than expected molecular mass region of about 32 kDa on
SDS-PAGE. Cytochrome b contains two redox-catalytic centers, heme
bL andhemebH, located in distant positions inside the protein. HemebL
is positioned near the cytoplasmic surface of the enzyme where it is
functionally connected with the two other catalytic centers belonging
to cytochrome c1 and ISP. Heme bH, on the other hand, is located more
in the interior of the protein and is oriented towards the matrix space.
Cytochrome c1 [22] is synthesized in the cytosol as a precursor
protein containing an N-terminal presequence of 61 amino acids that is
cleaved off during the import of the preprotein into mitochondria. The
heme c1 prosthetic group is covalently attached to the mature protein,
composed of 248 amino acids. Cytochrome c1 is characterized by a
catalytic domain located in the intermembrane space and amembrane-
anchoring segment in the form of a hydrophobic α-helix [19].
Cytochrome c1 exposes its N-terminus in the intermembrane space
[19] and thus differs from the othermembrane-embedded bc1 subunits.
The ISP [23] shows a topology similar to that of the cytochrome c1
with a catalytic domain in the intermembrane space and a hydro-
phobic α-helix in the inner membrane [19]. However, the N-terminus
of this redox subunit is directed toward the matrix. The intermem-
brane space-exposed domain of the ISP, which possesses a 2Fe–2S
cluster, is characterized by a mobility that facilitates electron transfer
between cytochrome b and cytochrome c1 [24,25]. The ISP is syn-
thesized in the cytosol as a precursor protein of 215 amino acids and,
after cleavage of the N-terminal presequence, a mature form contain-
ing 185 amino acids is generated inside yeast mitochondria.
Core protein 1 is the largest subunit (431 amino acids) of the
mitochondrial bc1 complex [26]. This protein, although bound to the
inner membrane, is mainly located in the mitochondrial matrix where
it interacts with the slightly smaller core protein 2 (352 amino acids)
[27]. The two core proteins are synthesized as preproteins (457 and
368 amino acids for core protein 1 and core protein 2, respectively)
carrying N-terminal targeting sequences that are cleaved off upon
import into mitochondria. Qcr7p, a small subunit consisting of 126
amino acids [28], is located just at the interface between the inner
membrane and the mitochondrial matrix.
In the intermembrane space is located Qcr6p, an acidic subunit
made up of 122 amino acids, which is synthesized in the cytosol as a
precursor proteinwith a cleavable presequence of 25 amino acids [29].
It has been demonstrated that this cleavable presequence is dis-
pensable for import and assembly of the Qcr6p precursor protein into
mitochondria [30]. In the fully assembled bc1 complex the mature
Qcr6p interacts with cytochrome c1 [19]. Qcr8p, even smaller than
Qcr6p, contains 93 amino acids [31] and spans the inner mitochon-
drial membrane with a hydrophobic α-helix. Qcr9p, the smallest
subunit of the bc1 complex of yeast mitochondria [32], contains only
66 amino acids and also crosses the inner mitochondrial membranewith an α-helix. Subunit 10, made up of 76 amino acids [33], is the
only subunit of the yeast bc1 complex for which the location is still
unknown. The homologous protein of the bovine bc1 complex pos-
sesses a transmembrane segment in the form of an α-helix that
interacts with the bovine orthologs of Qcr9p and ISP [17].
2.2. General structure of the bc1 complex in the inner mitochondrial
membrane
The homo-dimeric cytochrome bc1 complex is inserted in the
inner membrane of yeast mitochondria [19,20]. The central core of the
complex is comprised of the mitochondrial-encoded cytochrome b
that spans the lipid bilayer with eight hydrophobic α-helices. These
helices are packed in two different bundles. The ﬁrst, made up of ﬁve
helices, is located at the dimer interface whereas the second, com-
posed of the remaining three helices, is peripherally located thereby
interacting with the other bc1 subunits and the membrane phospho-
lipids [19,34].
Besides the eight helices of cytochrome b, there are four additional
transmembrane helices deriving from cytochrome c1, ISP, Qcr8p and
Qcr9p. This membrane-spanning block of the bc1 complex is con-
nected, on the matrix side, with Qcr7p and with the two large core
proteins. Core protein 1 mainly protrudes into the matrix where it
interacts with core protein 2. The acidic Qcr6p is peripherally located
on the cytoplasmic side along with the extrinsic domains of both the
redox subunits cytochrome c1 and ISP. Fig. 1 depicts the structure of
the yeast bc1 complex from the X-ray crystallographic data [19,20].
The molecular mass of this homo-dimeric bc1 complex, calculated on
the basis of sequences of the single subunits, is about 470 kDa.
Fig. 2 illustrates the spatial disposition of the ISP in a single
monomer of the bc1 complex. It is clearly evident that the catalytic
domain of ISP is present in onemonomer, whereas its transmembrane
helix is directed towards the other monomer. The ISP, therefore, pos-
sesses a trans-dimer structure in the fully assembled, functional bc1
complex. Very recently, a different experimental approach consisting
Fig. 2. Cytochrome bc1 complex monomer. A single monomer of the yeast cytochrome
bc1 complex, with the subunits colored as in Fig. 1.
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structures allowed the construction of a structuralmodel of interaction
between the homo-dimeric bc1 complex and two copies of the
cytochrome c oxidase complex in yeast mitochondria [35]. According
to this model, two monomeric oxidase complexes are bound to the
dimeric bc1 complex with their respective convex sides.
It should be emphasized that both the redox and non-redox subunits
of the yeast cytochrome bc1 complex show sequence similarities to the
corresponding bc1 subunits of higher eukaryotes [1–3]. Furthermore,
the general shape and subunit topology of the bc1 complex in yeast [19]
and mammals [16–18] are quite similar.
3. Sub-complexes of the yeast cytochrome bc1 complex
3.1. The central core of the bc1 complex
The biogenesis of the yeast mitochondrial bc1 complex has been
widely investigated and the existence of different bc1 sub-complexes
has been proposed [36–39]. The existence of most of these sub-com-
plexeshas beenhypothesized byanalyzing the contentofbc1 subunits in
mitochondria fromyeastmutant strains inwhich single genes or pairs of
genes encoding bc1 subunits had been deleted [27,28,37,39–43].
One of the ﬁrst proposed sub-complexes is that made up of
cytochrome b associated with the non-redox subunits Qcr7p and
Qcr8p. The crystal structure shows that this sub-complex forms the
central core of the bc1 complex, around which the remaining subunits
are assembled in the inner mitochondrial membrane [19]. The exis-
tence of this sub-complexhas beenproposed on the basis of theﬁnding
that deletion of any one of the genes encoding cytochrome b, Qcr7p or
Qcr8p led to the disappearance of the other two subunits [36–39]. It
therefore appears that the presence of all three subunits is necessary in
order to preserve the structure of the central core of the bc1 complex.
In previous studies it has been found that the absence of any one of
these three subunits did not inﬂuence the expression of the genes of
the other two [36,40,42]. Most probably, the absence of a single
subunit increased the turnover rate of the other two when they were
not assembled into the bc1 complex [36,37,40,42,44]. Furthermore, the
N-terminus of Qcr7pwas found toplaya role in the formation and/or inthe stabilization of the central core of the bc1 complex, thus lending
further support to the existence of this speciﬁc sub-complex [45,46].
Previous studies [9,11] suggested a role of two small accessory
proteins, named Cbp3p and Cbp4p, in the biogenesis of the yeast bc1
complex. In fact, in cbp3Δ and cbp4Δmutant yeast strains analyzed in
these investigations [9,11] the steady-state levels of cytochrome b,
Qcr7p and Qcr8pwere severely reduced. On the basis of these ﬁndings
it is tempting to suggest a participation of these two chaperone
proteins in the formation of the central core of the bc1 complex.
A powerful tool for the structural analysis of various oligomeric
protein complexes is two-dimensional electrophoresis [15,47–49]
carried out, in the ﬁrst dimension, by blue native electrophoresis (BN-
PAGE) [50] and in the second dimension by SDS-PAGE [51], followed
by western blotting and immunodecoration. Recently, this experi-
mental approach allowed us to identify the central core of the bc1
complex in two yeast deletion strains in which the genes encoding
core protein 1 and core protein 2 were respectively deleted (ΔCOR1
and ΔCOR2 strains) [52]. These mutant strains were able to grow only
on fermentable carbon sources because mitochondrial respirationwas
severely impaired. Accordingly, only some low molecular mass bc1
sub-complexes were observed in these mutant strains.
The two-dimensional electrophoretic analysis of the ΔCOR1 and
ΔCOR2 strains revealed the presence of the bc1 central core in a
molecular mass region of 230 kDa. In this region, the cytochrome c
oxidase complex was also found [52], as revealed by immunodecora-
tion with an antiserum directed against the yeast cytochrome c
oxidase subunit Cox6bp [53]. This ﬁnding suggests that in an early
stage of assembly the central core of the bc1 complex is able to interact
at least with Cox6bp, or possibly with the monomeric form of the
cytochrome c oxidase complex. This interaction might prevent the
proteolytic degradation of the bc1 central core that normally occurs
when the bc1 assembly is impaired.
A different experimental approach, consisting of in vivo radio-
labeling of themitochondrial-encoded proteins in conjunctionwith BN-
PAGE, led to the identiﬁcation of a low molecular mass sub-complex in
human mitochondria containing cytochrome b [49]. At early chase
times, thehuman cytochromebwas indeeddetected bothasamonomer
(about 30 kDa) and as a component of a sub-complex of approximately
120 kDa. However, the composition of this novel assembly intermediate
found in human mitochondria was not further investigated. At longer
chase periods, cytochrome bwas assembled into the homo-dimeric bc1
complex, as well as into super-complexes with the oxidase complex or
the NADH dehydrogenase complex [49].
3.2. The core protein 1 and core protein 2 sub-complex
Another bc1 sub-complex, proposed on the basis of experiments
carried out in various yeast deletion strains, is that made up of the two
large core proteins [36–39]. Further evidence for the existence of this
sub-complex derived from a different experimental approach inwhich
Neurospora crassa mitochondria were treated with low salt concen-
trations in the presence of detergents [54]. Such treatment led to the
dissociation of the two core proteins from the homo-dimeric bc1
complex, thereby reinforcing the view of an interaction between these
two bc1 subunits. In addition, the yeast bc1 complex centrifuged
through a sucrose gradient containing 0.1% Triton X-100 and 0.5 M KCl
yielded the same kind of sub-complex [37]. It has also been found that
the two core proteins, as well as cytochrome c1, are the more stable
bc1 subunits in several yeast mutant strains in which single genes or
pairs of genes encoding bc1 subunits had been deleted [36–39]. Taken
together, these ﬁndings suggest the existence of a sub-complex made
up of these two proteins that might represent an intermediate along
the assembly pathway of the bc1 complex into the innermitochondrial
membrane.
The two core proteins were also found together by two-dimensional
electrophoretic analysis of mitochondrial membranes in yeast deletion
92 V. Zara et al. / Biochimica et Biophysica Acta 1793 (2009) 89–96strains in which the assembly of the bc1 complex was impaired. In
different yeast mutant strains, high molecular mass sub-complexes
composed of the two core proteins were reproducibly found [52]. This
ﬁnding suggests that the two core proteins are able to interactwith each
other, thereby generating high molecular mass aggregates when their
insertion into the bc1 complex is hindered. The molecular composition
of these protein aggregates is currently unknown. They may contain
either several copies of the two core proteins or other unidentiﬁed
components.
3.3. The cytochrome c1 sub-complex
In the past the existence of a sub-complex composed of the catalytic
subunit cytochrome c1 and the two small non-redox subunits Qcr6p
and Qcr9p has been suggested [36,38]. This proposal has been postu-
lated on the basis of biochemical and genetic data [41,55]. However, the
two-dimensional electrophoretic analysis of mitochondrial mem-
branes from various yeast deletion strains did not reveal the presence
of this kind of sub-complex [52]. Interestingly, new data were instead
obtained on some possible protein partners that are able to interact
with cytochrome c1. In various yeast deletion strains, such as ΔCOR1,
ΔQCR7, ΔQCR8, ΔQCR7/ΔQCR8 and a ρ0 yeast strain, a new sub-
complex of about 100 kDa, made up of cytochrome c1 and core protein
2, unexpectedly appeared. In addition, in the ΔCOR2 yeast deletion
strain a sub-complex of about 78 kDa was found. This sub-complex
contained cytochrome c1 associated with core protein 1. It seems,
therefore, that cytochrome c1 preferentially interacts with core protein
2 and only when this latter protein is lacking, as in the case of the
ΔCOR2 mutant strain, it binds core protein 1. The observed molecular
mass of 100 kDa (cytochrome c1 and core protein 2) and of 78 kDa
(cytochrome c1 and core protein 1) suggests that still unidentiﬁed
assembly factorsmay be present in these sub-complexes. Furthermore,
the unexpected interaction between cytochrome c1 and the two core
proteins might explain the resistance of these three proteins against
proteolysis, as observed in several yeast mutant strains.
By looking at the crystal structure of the yeast cytochrome bc1
complex, it clearly appears that cytochrome c1 is distant from core
protein 2 (Fig. 3A), while it is in the vicinity of core protein 1 (Fig. 3B).Fig. 3. Interactions between cytochrome c1 and core proteins in the cytochrome bc1 comple
between cytochrome c1 and core protein 1 (light blue) are shown in panel A and panel B, rHowever, a direct interaction between cytochrome c1 and core protein
1 is hindered by the N-terminal segment of the small subunit Qcr8p
(not shown). Nevertheless, we should consider that during the
assembly of an oligomeric complex such as the bc1 complex, the
folding state of the various subunits might be different from that
acquired by the same subunits in the fully assembled complex. It is
also tempting to speculate that an interaction between the N-terminal
presequence of the cytochrome c1 precursor and each of the two core
proteins occurs during import of the preproteins into mitochondria.
The two core proteins, indeed, are relatives of the α and β subunits of
themitochondrial processing peptidase [56]. In plants, but not in yeast
mitochondria, the two core proteins show a peptidase activity [57].
3.4. The ISP sub-complex
Previous studies suggested that ISP and Qcr10p represent the last
protein subunits inserted into the bc1 complex. In fact, when either
the gene encoding ISP [36–38] or that encoding Qcr10p were deleted
[33], all the other bc1 subunits were found in the mutant yeast mito-
chondria. This ﬁnding indicates that all the other bc1 subunits are able
to assemble into the inner mitochondrial membrane in the absence of
either ISP or Qcr10p, thereby generating a sub-complex that is resis-
tant against proteolysis. However, a remarkable difference between
the two yeast mutant strains is that the ΔISP strain is respiratory
deﬁcient, whereas the ΔQCR10 strain is respiratory competent. This is
understandable on the basis of the fact that ISP is a catalytic subunit
that is therefore essential for bc1 activity. On the contrary, the function
of the bc1 complex in the mutant mitochondria lacking the non-redox
subunit Qcr10p is about 60% of that found in the wild type yeast strain
[33]. Although there may be a possible interaction between these two
proteins in the last steps of bc1 assembly, no data are currently avail-
able in this respect.
Further studies have instead suggested a functional interaction
between ISP and Qcr9p. In the yeast mutant mitochondria in which
the gene encoding the non-redox subunit Qcr9p had been deleted the
conformation of ISP was altered, rendering this redox subunit more
labile [58]. As a consequence, the iron–sulfur cluster was not properly
inserted into the apoprotein [58]. These ﬁndings, therefore, suggest ax. Spatial relations between cytochrome c1 (yellow) and core protein 2 (dark blue) and
espectively.
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of the ΔCOR1, ΔCOR2 and ΔCYT1 deletion strains by two-dimensional
electrophoresis revealed a new sub-complex of about 66 kDa
composed of ISP and Qcr9p [52]. This is the ﬁrst direct demonstration
of a physical interaction between these two bc1 subunits. The molec-
ular mass of 66 kDa, which is at least twice that expected on the basis
of themolecularmasses of ISP and Qcr9p, also suggests that additional
components are possibly present in this new sub-complex.
A careful analysis of the crystal structure of the dimeric yeast bc1
complex revealed that the catalytic domain of ISP, located in one bc1
monomer, is distant from Qcr9p belonging to the same monomer
(Fig. 1). On the contrary, it is clearly evident that the transmembrane
domain of ISP interacts with the transmembrane α-helix of Qcr9p
belonging to the second bc1 monomer [52]. This is possible on the
basis of the trans-dimer structure of ISP. In fact, 14 residues of the
hydrophobic α-helix of ISP are in the vicinity (4 Å) of 12 residues of
Qcr9p of the second monomer [52].
3.5. The 500 kDa sub-complex
When the ΔQCR9 mutant strain was analyzed by BN-PAGE a new
sub-complex of about 500 kDa was clearly detected [52]. The
subsequent analysis of this protein band in the second dimension by
SDS-PAGE, followed by immunodecoration with mono-speciﬁc anti-
bodies, revealed the presence of cytochrome b, cytochrome c1, the two
core proteins, Qcr6p, Qcr7p and Qcr8p. Notably, ISP was not found in
this 500 kDa sub-complex, but it was detected in the molecular mass
region of 35 kDa. This indicates that ISPwas not able to stably integrate
into this bc1 sub-complex when Qcr9pwas lacking. On the other hand,
no reaction was found with an antiserum speciﬁcally directed against
Qcr10p. On the contrary, the 500 kDa sub-complex included the
chaperone protein Bcs1p [10] for which a speciﬁc role in the ISP
insertion into the bc1 sub-complex has previously been demonstrated
[12].
Interestingly, the isolation of bc1 complex from N. crassa as a
protein–detergent complex and its subsequent dissociation by mild
salt treatment also led to the identiﬁcation a sub-complex containing
cytochrome b, cytochrome c1 and some of the small non-redox
subunits [54]. This treatment, however, caused the dissociation of the
two core proteins in a separate sub-complex [54]. It should also be
noted that a sub-complex of approximately 500 kDa has also been
found in the ΔISP and in the ΔBCS1 mutant strains analyzed by BN-
PAGE [12]. However, the molecular composition of these sub-
complexes was not determined. It seems, therefore, that the 500 kDa
sub-complexmay represent a true intermediate during the pathway of
assembly which leads to the mature cytochrome bc1 complex. This
sub-complex, indeed, includes all the bc1 subunits, except ISP and
Qcr10p, which are the last subunits incorporated into the bc1 complex
[12,39].
4. The dimeric cytochrome bc1 complex and the super-complexes
of the mitochondrial respiratory chain
When the mitochondrial membranes from a wild type yeast strain
were solubilizedwith 1% digitonin and then analyzed by BN-PAGE and
western blotting, three protein bands of 1000, 850 and 670 kDa were
clearly immunodecorated [52]. Notably, an “in gel activity assay”
demonstrated the presence of cytochrome c oxidase activity only in
the ﬁrst two bands of 1000 and 850 kDa, but not in the third band of
670 kDa. Accordingly, an antiserum speciﬁcally directed against the
subunit Cox6bp of the yeast oxidase complex [53] reacted only with
the ﬁrst two bands [52]. These ﬁndings, which are in good agreement
with previous studies [14,15], suggest that the lowest band of 670 kDa
most probably represents the homo-dimeric bc1 complex, whereas
those of 850 kDa and 1000 kDa correspond to the homo-dimeric bc1
associated with one or two copies of the oxidase complex, respec-tively. The protein bands of 850 and 1000 kDa were therefore named
super-complexes.
Interestingly, when the yeast mitochondrial membranes were
solubilizedwith 1% Triton instead of digitonin, only the lowest band of
670 kDa was detected after BN-PAGE and western blotting (Zara et al.,
unpublished results). This ﬁnding suggests that the association be-
tween the bc1 and the oxidase complex is detergent-sensitive and
most probably involves hydrophobic interactions between the protein
surfaces. It has also been proposed that all cytochrome c oxidase
complex present in yeast mitochondria exists in association with the
cytochrome bc1 complex and that the ratio between the free bc1 dimer
and the two super-complexes depends on the growth conditions [15].
The existence of super-complexes between the bc1 and the oxidase
complex in yeast mitochondria has also been demonstrated using the
technique of gel ﬁltration [14]. Furthermore, the direct physical asso-
ciation of the subunits belonging to the two complexes has been
veriﬁed by co-immunoprecipitation [14]. In this latter study it was also
found that the formation of the bc1-oxidase super-complex in yeast
mitochondria was not required for the stability of the individual
respiratory chain complexes.
The analysis in the second dimension (SDS-PAGE and western
blotting) of the three protein bands identiﬁed in BN-PAGE revealed the
presence of all the bc1 subunits in the 1000 kDa band, but the lack of
Qcr6p in the 850 and 670 kDa bands [52]. The reason for this ﬁnding is
currently unknown. However, the small Qcr6p subunit is strongly
acidic and it might be easily lost during electrophoresis. It is also
interesting to mention that the 670 kDa band, but not the other two
high molecular mass complexes, contained the accessory factor Bcs1p
[10,12]. This chaperone protein plays a clearly deﬁned role in ISP
binding in yeast [12] and human mitochondria [59]. Whether Bcs1p is
also involved in super-complex formation in yeast mitochondria is still
a matter of investigation.
An interesting subject of debate is the putative interface between
the bc1 and the oxidase complexes in yeast mitochondria. In this
respect, it has been found that the presence of Qcr6p and Qcr10p was
not essential for the formation of the super-complexes [14,52,60, Zara
et al. unpublished results]. Notably, in the absence of Qcr6p the
formation of the super-complexes was even promoted [52,60]. On the
contrary, the presence of all the other bc1 subunits was required for
the formation of the super-complexes [14,52, Zara et al. unpublished
results]. This ﬁnding does not necessarily mean that all of these
subunits are directly involved in the physical interaction between the
bc1 and the oxidase complexes. The lack of one of these bc1 subunits
may cause a change in the conformation of the bc1 complex thereby
indirectly hindering the formation of the super-complexes. On the
other hand, it has been proposed that ISP and Qcr9p also are not
essential for the formation of the super-complexes, even if in the
absence of these subunits the amount and the size of the super-
complexes were signiﬁcantly reduced [14,60].
It should be noted that the bacterial bc1 complexes, which lack
subunits equivalent to the supernumerary subunits of the mitochon-
drial complexes, are still able to form super-complexes [61]. Further-
more, the lipids may also play a role in gluing together the respiratory
chain complexes. In fact, it has been proposed that cardiolipin is
essential for the formation of the super-complexes [62,63] or at least
may play a role in their stability [60]. The crystal structure of the yeast
bc1 complex revealed the presence of six phospholipid molecules
inside this multimeric complex [19]. It is therefore possible that addi-
tional phospholipids, besides cardiolipin, may be involved in the
stabilization of the super-complexes. All these ﬁndings have led to the
suggestion that the transmembrane helices of cytochrome b and
cytochrome c1, plus the tightly bound cardiolipin, represent the poten-
tial sites of interaction between the bc1 and the oxidase complexes in
yeast mitochondria [60]. However, also in light of the recent structural
model of the bc1-oxidase super-complex in yeast mitochondria [35],
further investigation is required in this respect.
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membranes, have identiﬁed higher order associations, referred to as
“respirasomes”, which include the NADH dehydrogenase complex in
addition to the bc1 and the oxidase complexes [64,65]. It has also been
suggested that the assembly and/or stability of the individual
respiratory complexes is affected by their higher order associations
[64,65]. Furthermore, a stable super-complex, composed of the NADH
dehydrogenase complex and the homo-dimeric bc1 complex, was
puriﬁed and characterized in Arabidopsismitochondria [47]. Notably, a
further higher supramolecular organization of the respirasomes into a
respiratory string has recently been proposed in mammalian mito-
chondria [66].
5. Tentative model of assembly of the cytochrome bc1 complex
In the past, essentially one model for the bc1 complex assembly has
been formulated on the basis of the steady-state levels of bc1 subunits in
mitochondria from yeast mutants deﬁcient in the synthesis of one orFig. 4. Schematic model depicting putative steps of the cytochrome bc1 complex
assembly.more of these subunits [36–39]. According to this model, the central
core, composed of cytochrome b associated with the small super-
numerary subunits Qcr7p and Qcr8p, is stabilized in the inner mito-
chondrial membrane upon interaction with the core protein 1/core
protein 2 sub-complex. The subsequent addition of the cytochrome c1/
Qcr6p/Qcr9p sub-complex then occurs, thereby leading to the formation
of the so-called core structure of the bc1 complex. Assembly is then
completed by the binding of ISP and Qcr10p to this core structure.
Overall, the model proposed by these authors did not take into account
the participation of putative assembly factors in the bc1 complex
biogenesis [9–13].
Themore recent data obtainedwith the two-dimensional analysis of
the mitochondrial membranes isolated from several yeast mutant
strains revealed the existence of further bc1 sub-complexes [52]. The
existence of these sub-complexes does not guarantee, however, that
they represent true intermediates during the cytochrome bc1 complex
assembly. The identiﬁcation of these sub-complexes in yeast deletion
strains, butwhichhavenot yet beendetected inmembranes ofwild type
yeast, leaves open the possibility that they are incorrectly assembled
or partly degraded complexes present only in mutant mitochondria.
However, we feel that the identiﬁcation and characterization of these
sub-complexes will help in deﬁning the steps and the molecular events
leading to the maturation of the bc1 complex. This also means that
further methodological approaches are necessary in order to disclose
the complicated steps of bc1 assembly in wild type yeast mitochondria.
On the basis of the data obtained with the two-dimensional
analysis [52], a new hypothetical model of bc1 assembly in yeast
mitochondria can be proposed (Fig. 4). Such a model partially overlaps
with the previousmodel in several aspects. In this model also a central
core, composed of cytochrome b associated with Qcr7p and Qcr8p, is
formed. In addition, besides the already proposed interaction between
core protein 1 and core protein 2, a new interaction between
cytochrome c1 and each of the two core proteins has been detected.
Cytochrome c1 seems to preferentially bind to core protein 2 and only
in the absence of this subunit does the ability to interact with core
protein 1 emerge. This novel interaction, never proposed in the past,
may be the molecular basis for the high stability of these three
proteins in all the mutant yeast strains tested. In any case, the central
core and the two core proteins plus cytochrome c1 associate with each
other to form the 500 kDa sub-complex. At this stage the binding of
Qcr6p also occurs. This 500 kDa sub-complex is then able to bind
Qcr9p, ISP and Qcr10p. It is possible that ISP and Qcr9p associate with
each other before they are added to the 500 kDa sub-complex [58].
This tentative model, like the previous one, does not take into account
the participation of accessory protein factors during bc1 assembly
because their presence and their role are still largely unknown.
However, it is known that Bcs1p is bound to the 500 kDa sub-complex
[52] and that it participates in the ISP binding [12].
6. Concluding remarks and future perspectives
Although some new insights regarding bc1 assembly have been
obtained in the last few years, various questions still remain to be
answered.
What is the precise sequence in which the sub-complexes
associate in order to form the bc1 complex? This is a central question
because it is also unknown how the two protein synthesis machi-
neries, the mitochondrial and the cytosolic one, are coordinated with
each other during the biogenesis of this complex.
At what point in the assembly process does the bc1 complex
dimerize? In this context, is the ISP responsible for bc1 dimerization?
Based on the trans-dimer topology of ISP, it is tempting to speculate
that this catalytic subunit may play a role in the bc1 dimerization.
What is the role of Cbp3p and Cbp4p during the bc1 assembly? In
mutant yeast strains in which either of the two genes encoding these
proteins had been deleted, severe structural defects in bc1 assembly
95V. Zara et al. / Biochimica et Biophysica Acta 1793 (2009) 89–96were found [13]. Nevertheless, no data are currently available on their
role during the assembly of this multimeric complex into the inner
mitochondrial membrane.
Besides the role in ISP binding, does Bcs1p have additional func-
tions in bc1 assembly? This is also a further interesting question if we
consider that this chaperone protein was found in association with the
670 kDa band in the BN-PAGE, i.e with the homo-dimeric bc1 complex.
Another interesting issue is represented by the addition of the
prosthetic groups to the redox subunits. Although it is known that
cytochrome c1 heme lyase inserts heme into the apoprotein and that
this step precedes proteolytic maturation to the holocytochrome [67],
it is unclear whether additional proteins may be involved in assembly
of this cytochrome, and it is not knownwhat proteins insert heme into
apo-cytochrome b. Likewise, whereas there have been signiﬁcant
advances in understanding iron–sulfur cluster assembly [68], it is not
knownwhat chaperonesmight be required speciﬁcally for insertion of
the iron–sulfur cluster into the Rieske protein. It is also not known at
what step during protease maturation of the apoprotein the iron–
sulfur cluster is inserted, although it is known that the cluster can be
inserted if the normal two step protease processing is converted to
one step processing [69].
The investigation of these questions is interesting not only because
they represent timely topics in the ﬁeld of organelle biogenesis, but also
because the lack of assembly of the bc1 complex and the subsequent
malfunctioningofmitochondrial respiration is thecauseof severehuman
pathologies [59,70]. Furthermore, the similarities between the yeast bc1
complex and the mammalian orthologs make possible the use of the
yeast enzyme as a model system to understand how this oligomeric
protein complex is assembled into the inner mitochondrial membrane.
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